The effects of melt overheating treatment on solidification of Sn-Bi alloys are studied from the viewpoint of the relaxation of properties. The results reveal that the change trends of cooling rate, undercooling degree of the primary and eutectic nucleation and maximum solidification rates of primary phase of melts not undergoing the relaxation are contrary to those of melts undergoing the relaxation. However, the change of these parameters could not explain the change on the microstructures. The present paper suggests the increasing of the apparent primary undercooling during solidification can be used to describe the refinement of primary phase after melts undergoing the relaxation. Our study may open new possibilities for the control of solidification process, which governs the microstructure, mechanical and physical properties of solids.
Introduction
Melt superheating treatment has been widely explored and used in modifying the solidification microstructure and improving the physical properties of various materials: metallic alloys [1] [2] [3] and aerogels [4] . In developing semiconductors, melt overheating was shown to have a pronounced influence on defect formation (specifically, the melt overheat initiated the twins defect) during crystallization and improved the quality of ZnSe-based blue light-emitting laser diodes [5, 6] . By melt superheating, the morphology of the primary Mg 2 Si particulates in the Mg 2 Si/Al-Si-Cu composite changed from coarse dendritic to equiaxed, and their sizes decreased from larger than 150 µm to 40 µm [7] . Superheating treatment also affected the crystal growth kinetics and growth orientation of CdTe and PbTe alloys considerably [3] .
However, selection of the optimum superheating temperature is still empirical or arbitrary, and adopting this method sometimes does not lead to the *Corresponding author: e-mail address: ghding@chnu.edu.cn improvement of the microstructure [8] . Furthermore, although the effects of melt superheating on solidification have been somehow ascribed to different liquid structures, there was no convincing evidence for whether and how the structural change happened in the involved melts. On the other hand, the conventional view of liquids is that their structures and properties change gradually with temperature. Therefore, the exact mechanism of the melt superheating is still not fully understood, and there are discrepancies in the explanation put forward [9] .
The conventional view considered the structure of a liquid varied smoothly from the melting to the critical point [10] . This view has been challenged over the past two decades by the observation of anomalies of various physical properties as a function of temperature at constant pressure [2, 11, 12] . More recently, both experimental findings and theoretical predictions have suggested the presence of liquid-liquid structural transitions (LLST) characterized by significant structural changes [13] [14] [15] [16] . Furthermore, according to the known melt structure information, the effect of the LLST on the solidified structures was investigated for some binary alloys, such as Al-Si [2] , Pb-Sn [17] , Bi-Sb [18] and Pb-Bi [19] .
Sn-Bi alloys, as a kind of representative binary eutectic alloy and lead-free solder, have important research and application values [20] [21] [22] . In prior works, anomalous temperature dependence of internal friction [13] , electrical resistivity [15] , and viscosity [14] of liquid Sn-Bi alloys have suggested that the structural relaxation occurred. Further discussions on the mechanism of superheating treatment of liquid Sn-Bi alloys are not reported or elaborated in detail. Therefore, we expand on these aspects more explicitly in the current paper. There are three significant aspects of the work described in this paper: nucleation and growth mechanism and microstructural morphology.
Experimental

Solidification experimental procedure
The Sn-40wt.%Bi alloys are prepared from pure Bi (99.99 %) and Sn (99.99 %) granules, which were melted in Al 2 O 3 crucibles and protected by B 2 O 3 in the electrical resistance furnace. Each experiment used the equiponderant B 2 O 3 . The samples weighing 20 g were held in the corundum crucible at 600
• C, and 800
• C for 90 min, respectively. The sample at 600
• C was directly cooled to the room temperature in air. To observe the change of solidification behaviors in the same thermal condition, the others were quenched to 600
• C in a salt bath before cooled to the room temperature in air. The solidification microstructures were studied with the optical microscope after etching the samples.
In order to record the thermal history of the alloys during cooling, a type K thermocouple with quartz sheath was located at the same distance of 1 cm from the bottom of the mold symmetry axis to ensure reproducibility of the analysis. The temperature-time curves were recorded by the KEITHLEY-2182 nanovoltmeter. The cooling curves obtained were numerically processed using the Newton thermal analysis [23] in order to obtain information about the solidification kinetics of the region of the casting near to the thermocouple. Figure 1 shows the typical microstructures commonly observed in the experimental probes. It can be seen that all samples show two main microconstituents, the primary phase, which correspond to the dendritic dark matrix and the eutectic microconstituent, present as the light. Here it can be observed that Fig. 1a ,b differs greatly from Fig. 1c -e in the size and morphology of the primary phase. As the samples solidified in the same thermal condition, we ascribed the difference among the microstructures to the changes of liquid properties induced by superheating. For this purpose, the direct current four-probe technique was also used to study the evolution of the electrical resistivity of Sn-40wt.%Bi melt with time held at different overheating temperatures 600
Electrical resistivity measurement
In many of our former investigations, the electrical resistivity method was used to study liquid alloys, which was proved to be valid and sensitive to liquid structural changes. For example, by comparing the results of Refs. [11, 24, 25] , it is clear to see that the electrical resistivity behaviors of In-Sn liquid during heating process are in good accordance with those of internal friction and X-ray diffraction. Therefore, the direct current four-probe technique was also used in this paper to study the evolution of the electrical resistivity of Sn-40wt.%Bi melt with time during isothermal experiments.
The samples were prepared from 99.99 % pure bismuth and tin, which were melted at 400
• C for over 30 min, then poured into measuring cells for the following experiment. The measuring cells, manufactured from silica glass, 3.4 mm in diameter, were used in this experiment. Four tungsten electrodes, 1 mm in diameter, two for current and two for voltage, were placed in the end and central section wall of the cell, respectively. The space between the voltage electrodes was 2.8 cm. The voltage was measured with a high precision KEITHLEY-2182 nanovoltmeter, while a constant current of 500 mA was supplied by the PF66M sourcemeter. In the isothermal experiments, Sn-40wt.%Bi samples were heated rapidly to 600
• C and 742
• C at the rate of 200 K min −1 , respectively, then held for the resistivity measurements. The resistivity measurements were carried out in purified argon media from which water had been removed by oil of vitriol to protect the sample from oxidation. In order to reduce the density segregation, the cell structure had a special horizontal design.
Results and discussion
The curves of resistivity versus time began to be recorded after the melts were heated to the preset temperatures, as shown in Fig. 2. From Fig. 2a , it can be observed clearly that the resistivity of the Sn--40wt.%Bi melt held at 600
• C for 330 min is almost unchanged. However, in Figs. 2b,c,d , there are all S-shaped changes in the curves after holding at each temperature for some time.
Since resistivity is one of the physical properties sensitive to structure, the result of Fig. 2a indicates that the melt structural transition did not occur during the holding time and the influencing factors that might change the resistivity such as composition segregation can be neglected. Moreover, the effect of the density segregation on resistivity can be also ignored because the density difference between Bi and Sn will become smaller at the higher temperatures [10] . In  Figs. 2b,c,d , the S-shapes reveal the resistivity relaxation in the Sn-40wt.%Bi melt held at 650
• C, 688
• C, which might be attributed to the melt structural transition although the absence of structure parameters, such as structure factor, atomic distance, etc. It is clear that the relaxation starting time, ending time and relaxation time become shorter at the higher temperature.
In this study, samples for solidification experiments were held at 600 kinetics change with the relaxation of liquid properties or structures, which is just confirmed by Fig. 1 . Figure 3 shows cooling curves associated with the five superheating Sn-40wt.%Bi alloys. It can be readily seen that, as a result of the relaxation in liquid Sn-40wt.%Bi alloys, there is a decrease in the solidification time, which can be inferred from the shortening of the cooling curves corresponding to the alloys after the relaxation. In our research on the solidification of the Bi-Sb alloy [18] , it can be observed that one of the effects of LLST is the decrease of the latent heat released during solidification. This effect in turn enhanced the cooling of the cast under more severe conditions, and caused the shortening of the solidification time. Here these phenomena during the solidification of superheating Sn-40wt.%Bi alloys could also be attributed to the decrease of the latent heat released during solidification as a result of the change in liquid structure, see Fig. 4 . Moreover, Fig. 3 shows the different trend of the undercooling degree of the primary and eutectic nucleation before and after the relaxation, detailed in Fig. 5 . The undercooling degrees of the primary and eutectic nucleation increase with the overheating temperature and get the maximum about 700
• C, whereas the undercooling degrees of primary and eutectic phase decrease with temperature when the overheating temperature is above 700
• C. In our solidification experiments, all samples were kept the same weight and cooled in air. Therefore, the difference of undercooling degrees could be attributed to the melt structure and the cooling rate.
In this paper, cooling rates were obtained from cooling curve data close to the liquidus temperature [26] (between 200 and 175
• C), indicated by the dashed line in Fig. 3 . Figure 5 shows the cooling rate after the relaxation is greater than that before the relaxation. Recently, Liu et al. [27] have mentioned that in Sn--Bi melts at low temperature above the liquidus temperature there are metastable clusters that are broken with temperature rising until the melt reaches a stable state with a new liquid structure. Prior investigations have indicated that some physical parameters including thermal conductivity [28] , heat capacity [16, [28] [29] [30] and density [28, 31] are sensitive to liquid structure. It can be expected that, if the liquid structure changes its thermal diffusivity, which includes heat capacity and density, they may change. Before solidification a lumped heat balance can be written as:
where q (J m −2 s −1 ) is the heat flux leaving the system through the exchange area A (m 2 ), m (kg) is the mass of the sample, C p (J kg
is the heat capacity of the sample. And the cooling rate can be obtained from:
If the mass m and the heat extraction conditions (-qA) are the same for all the samples, the change in dT/dt implies a change in the C p of the samples. DTA measurements of prior investigations [16, [28] [29] [30] showed the melts absorbed heat during LLST. This result implied that C p may decrease with LLST. According to Eq. (2), the cooling rate after the relaxation is greater than that before the relaxation.
Commonly, with faster cooling rates, the degrees of undercooling should be expected to increase. Hence, the decrease of undercooling degree of the melts above 700
• C could be considered to be induced by the relaxation. During the nucleation of the main microconstituents, when maximum undercooling increases, this indicates less availability of substrates that could be used as heterogeneous nuclei. Moreover, if maximum undercooling decreases, that means that there are more substrates available for heterogeneous nucleation. Perhaps the substrates which operate with the liquid with "normal structure" at low temperature, dissolve with increasing temperature up to the critical temperature and as the liquid structure changes, new substrates are triggered, which grow more slowly because of the presence of a higher energy barrier. What is clear is that the nucleation behavior of both microconstituents changes as a result of the change in the structure of the liquid.
During solidification, the nucleation rate is sensitive to temperature changes [32] . Change of undercooling degree as a result of the relaxation gives place to the changes of nucleation in the solidification. Figure 6 shows the solidification rate evolution that results from the numerical analysis of the experimental cooling curves for the cases studied in this work, following the Newton thermal analysis procedure [23] . The local solidification rates shown in this figure are related to the solidification events that occurred in the central region of the castings. For the hypoeutectic Sn-40wt.%Bi alloy, two maxima can be observed on the solidification rate curves. The first maximum corresponds to the solidification of the primary phase and the second is related to the eutectic solidification. According to the viewpoint of Kurz and Fisher [32] , the first maximum value is nucleation-controlled. Figure 7 shows that the first maximum values increase with temperature when the melts are overheated below 700
• C, on the contrary, above 700
• C, the maximum values decrease with temperature. Decreasing undercooling of primary phase solidification could explain the observed decrease in the maximum solidi- fication rate when melts are undergoing the relaxation. This phenomenon indicates that the relaxation has a great nucleation-controlled effect on the dendritic primary phase.
In Fig. 1 , the secondary dendrite arm spacing before the relaxation is coarser than those after the relaxation, and above all, the secondary dendrite arms after the relaxation are far longer than those before the relaxation and the tertiary dendrite arms appear in the samples held at 750
• C and 800
• C. Kurz and Fisher [32] considered that the solidification was controlled by growth besides by nucleation. Commonly, with greater undercooling degree, the solidified microstructure should be refined [32, 33] . When the superheating temperature is below 700
• C, the secondary dendrite arms are refined with undercooling degree increasing. However, above 700
• C, the secondary dendrite arms are not re-coarsened with undercooling degree decreasing.
In order to explain the presence of the refined secondary dendrite arms at the thermal center of the Sn-40wt.%Bi alloys undergoing the relaxation, Fig. 8 shows the cooling rate evolution. Here, it can be observed that the secondary dendrite arms solidify under the greater cooling rate promoting greater apparent primary undercooling, when the melts undergo the relaxation. Figure 9 shows the apparent primary undercooling as a function of time. The concept of apparent primary undercooling comes of that of the apparent eutectic undercooling [34] , and the primary undercooling is calculated taking into account the maximum recalescence temperature instead of the liquidus temperature. The eutectic growth theories [33, 35] indicate that an increase in the operating undercooling during solidification promotes a finer eutectic microstructure, with narrow spacings between eutectic lamellae. It can be seen on Fig. 9 that during solidification the apparent primary undercooling degrees after the relaxation are greater than those before the relaxation. Hence, NTA results indicate that liquid metal after the relaxation solidifies under the greater degree of undercooling, and this in turn implies the presence of fine primary phase as shown by metallographic findings (Fig. 1 ).
Conclusions
1. The cooling rate after the relaxation is greater than that before the relaxation. However, the undercooling degrees of the primary and eutectic nucleation increase with the overheating temperature and get the maximum about 700
• C. The different trends of undercooling degree could be considered to be induced by the relaxation.
2. The relaxation has greatly the nucleation--controlled effect on the dendritic primary phase. The maximum solidification rates of primary phase increase with temperature when the melts are overheated below 700
• C, the maximum rates decrease with temperature.
3. The solidified microstructures of the superheating Sn-40wt.%Bi alloy are greatly different in the size and morphology of the primary phase. The secondary dendrite arm spacing before the relaxation is coarser than that after the relaxation, and above all, the secondary dendrite arms after the relaxation are far longer than those before the relaxation and the tertiary dendrite arms appear in the samples held at 750
• C. The relaxation enlarges the apparent primary undercooling degrees during solidification. The increasing of the apparent primary undercooling degree can explain the presence of fine primary phase as shown by metallographic findings.
